Introduction
It is becoming increasingly clear that inclusion of microbiological information in long-term and large-scale ecosystem studies may be necessary to achieve the goal of increasing our understanding of, and ability to predict, ecosystem response to environmental and anthropogenic change (Cavigelli and Robertson, 2000; Zak et al., 2003; Schimel, 2004; Balser and Firestone, 2005; Fraterrigo et al., 2006; Balser et al., 2010; Gutknecht et al., 2012) . There is growing evidence that the traditional paradigm of microbial ecology, "everything is everywhere and the environment selects" (Baas-Becking, 1934) , may not hold true, requiring a broader view for microbial ecology studies (Balser and Wixon, 2009; Wallenstein and Hall, 2012) . However, despite growing demand for microbiological data that can be incorporated into ecosystem models, the practical and conceptual mechanisms for linking microbial detail and ecosystem-scale studies remain subjects of debate. This is due in part to the challenges inherent in microbial community study; microbiological communities are exceedingly complex and their structure and function are difficult to quantify, let alone connect (Balser et al., 2002; Jackson et al., 2007) . Microbial ecology studies relying on DNA or RNA based techniques can provide highly detailed community-taxonomic data sets with qualitative information about microbial functional capabilities. There is a need though in large-scale ecosystem ecology studies to more broadly parameterize the microbial community in a way that can be related to soil processes (Balser and Firestone, 2005; Fraterrigo et al., 2006; Cusack et al., 2011; Jesus et al., 2016,) but to undertake this kind of approach has difficulties. Ecosystem-scale studies typically consist of sample sizes numbering in the hundreds, in contrast to sample sizes of approximately 80-200 that are more typical of a microbial ecology study. Molecular characterization of microbial communities can be time consuming and often yields data that are not quantitative or compatible with typical ecosystem metrics (e.g. gene sequence data cannot easily be related to nitrogen mineralization rates). To accurately draw linkages between belowground community structure and processes observable at the ecosystem scale, there is a need for methods that offer a high throughput, accurate quantification of soil microbial community characteristics.
Analysis and quantification of soil lipids has seen increased use in ecosystem studies as a means to address these needs (Ben-David et al., 2011; Frostegård et al., 2011; Fichtner et al., 2014; Willers et al., 2015a; Willers et al., 2015b) . Because the abundance of individual fatty acids varies among organisms in soil, fatty acid profiles provide a rough community 'fingerprint' and can also be used to determine the presence and relative abundance of coarse ecological groupings (such as Gram -, Gram + , actinobacteria, and fungi) in soil communities (Frostegård and Bååth, 1996; Drenovsky et al., 2004; Balser and Firestone, 2005) . Additionally, because membrane lipids turn over rapidly during metabolism and are quickly degraded following cell death, the concentration of lipids in soil is proportional to viable biomass (Vestal and White, 1989; Frostegård and Bååth, 1996) . While lacking the taxonomic resolution of molecular analysis, lipid analysis provides a quantitative measure of microbial subgroups and biomass that can be argued is 'necessary and sufficient' for most largescale studies (Tiedje et al., 1999) . Despite its utility, lipid analysis as typically performed (using phospholipid fatty-acid analysis; PLFA) can be prohibitive for many ecosystem ecologists in terms of time and materials (Buyer and Sasser, 2012) . With PLFA, cell membrane phospholipids are extracted, purified and identified using a two-phase aqueous-organic extraction (Bligh and Dyer, 1959) (The 'modified Bligh and Dyer' method often cited) followed by chromatography to separate lipids by polarity (Fig. 1) . Alkaline methanolysis converts polar lipids (phospholipids) to methylester derivatives that are volatile and can be identified by gas chromatography (GC) (Vestal and White, 1989) . With this method, a typical laboratory throughput is 30-40 samples per week.
An alternate method, the fatty acid methyl-ester (FAME) procedure was introduced by Microbial ID, Inc. (Newark, CA) in 1990. With FAME analysis, all ester-linked lipids are extracted directly from samples (Haack et al., 1994; Schutter and Dick, 2000; Drenovsky et al., 2004) . Because it has none of the concentration or purification steps that PLFA has, the FAME method has lower overall lipid loss, and is rapidallowing well over 100 samples to be processed in the time it takes to process 30-40 samples via PLFA. However, while the FAME method is quick, it can include lipid-like compounds coextracted from soil organic matter that distort the community signature (Nielsen and Petersen, 2000; Schutter and Dick, 2000; Jandl et al., 2005; Fernandes et al., 2013 ; Miura et al., Fig. 1 Flow chart demonstrating the steps of the traditional PLFA method, the Hybrid method, and the FAME method, respectively from left to right. 2017). Because this inclusion can also distort biomass measures, FAME has typically been used only to coarsely qualitatively describe soil lipids (Cavigelli et al., 1995) and should be used with caution (Fernandes et al., 2013) .
Despite its potential disadvantages, the idea of using FAME to characterize environmental samples (e.g., soil and sediment) is attractive for many reasons. The FAME protocol has fewer steps, requires less glassware and specialized equipment, and has a simpler experimental set-up. In addition, the greater throughput allowed by the FAME has potential to allow processing of sample numbers equivalent to most large-scale ecosystem studies. However, because the potential coextraction of soil organic matter, and thus subsequent profile distortion is a serious concern, researchers have continued to utilize PLFA despite its longer processing time and added complexity (Nielsen and Petersen, 2000; Bailey et al., 2002; Drenovsky et al., 2004; Balser and Firestone, 2005; Liang et al., 2008; Balser and Wixon, 2009; Herman et al., 2012; Schmidt et al., 2015; Kotas et al., 2018) .
The primary purpose of this study was to test the feasibility and efficacy of hybridizing the PLFA and FAME protocols, to utilize the strengths of each while addressing the problem of background contamination in FAME and the slowness of PLFA. The extraction protocol combines steps from both the PLFA and FAME (Fig. 1) . By performing the two-phase initial extraction and thus isolating the organic-soluble components (e.g., lipids) prior to performing FAME, this 'Hybrid' protocol offers a balance between speed and precision. Although there have been recent suggestions for modifications to both of these methods, in order to reduce hazardous chemicals, or possibly increase throughput (Willers et al., 2015b) , the method described here consists of the most commonly used Bligh and Dyer (1959) and FAME methods. This 'Hybrid' method has been used repeatedly and successfully in numerous large ecological studies (Smithwick et al., 2005; Kao-Kniffin and Balser, 2007; Gutknecht et al., 2012; Liang et al., 2015; Pei et al., 2016) . The method was developed some time ago, and has been in common use for more than 15 years. Given the prevalence of its use, the recent renewal of interest in high throughput methods, and inquiries into its development, we felt that it was important to provide a report on the method's efficacy. This paper presents the results from two experimental assessments designed to 1) compare three protocols for fatty acid yield and type; and 2) test the importance of various steps in the later part of the protocol (extraction, purification, and final concentration) (Fig. 2) .
Materials and methods

Soil
A homogenized mixture of grassland and forest soils from California, Puerto Rico, and Alaska was used as a 'standardized soil' containing diverse lipids (Table 1) . This soil was created to serve as a quality control for lipid analysis in the Balser laboratory, and was included in all analytical runs. The source soils were thoroughly mixed, and roots and rocks were removed by hand. Our goal in this study was not to test discriminatory power among soils, but rather to test the impact of varying methodological steps without the confounding influence of soil variability, and to fully assess the potential of the hybrid protocol relative to PLFA and FAME for characterizing a given sample. All analyses were performed by the University of Wisconsin Soil and Plant Analysis Laboratory.
Lipid analysis: protocol descriptions
PLFA protocol
For the PLFA protocol, we extracted, purified, and identified phospholipid fatty acids from microbial cell membranes using a modified Bligh and Dyer (1959) technique as described in Balser and Firestone (2005) . In brief, we extracted 5 g subsamples of lyophilized whole-soil in a one-phase extraction mixture containing chloroform:methanol:phosphate buffer (1:2:0.8 v/v/v). After the initial one-phase extraction, additional chloroform and phosphate buffer were added to create separation of the aqueous and organic phases, which were allowed to stand overnight before removal of the organic phase into a clean baked collection tube. We then separated the phospholipids from neutral and glycolipids contained in the original chloroform phase using solid phase extraction (SPE) columns containing 0.5 g silica gel (Supelco, Inc. Bellefonte PA) that were eluted successively with chloroform (to elute neutral lipids), acetone (to elute glycolipids), and methanol (to elute polar phospholipids). After separation and collection, polar lipids were transesterified by mild alkaline methanolysis and extracted with hexane. In a final step, samples were concentrated under nitrogen gas before analysis. We analyzed samples using a Hewlett Packard 6890 Gas Chromatograph with a 25 m Â 0.2 mm Â 0.33 µm Ultra 2 (5%-phenyl)-methylpolysiloxane column (Hewlett Packard).
FAME protocol
For the FAME protocol we followed the method of Schutter and Dick (2000) , and that described by Microbial ID, Inc. (Newark CA) with modifications to test the importance of some of the intermediate steps in the protocol (Figs. 1 and 2). Modifications are described below. Briefly, the FAME method consists of four steps: saponification, methylation, extraction and base-wash. We weighed one gram of lyophilized wholesoil into ultra-clean (baked at 475°C for 4 h) glass screw-cap test tubes and added 1 mL 3.75 M NaOH in MeOH:H 2 O (1:1 v:v). Tubes were placed in a 100°C water bath for 25 min, during which lipids present in the sample were saponified (fatty acid chains cleaved from lipids and converted to sodium salts). To convert saponified fatty acids to methyl-esters (FAMEs), a strong acid methylation was performed by adding 2 mL of 6.0 M HCl:MeOH (1:0.85) to each sample and incubating in a water bath at 85°C for 10 min. FAMEs were extracted three times from the acidic to an organic phase by adding 1.25 mL of hexane:methyl tert-butyl ether (1:1), shaking the tubes for 10 min, and removing the upper organic solvent phase to a clean baked collection tube. Centrifugation for 3 min at 2000 rpm was then used to separate the phases. We transferred the organic phase to a 13-by 100-mm ultraclean glass Teflon lined screw cap tube. The organic phase was washed of residual acidic reagents by adding approximately 3 mL of mild base (0.3 M NaOH), followed by gentle mixing for 5 min. Finally, we transferred the organic phase directly to a vial for analysis by gas chromatography. We used the same GC protocol as described above for PLFA.
Hybrid protocol
The hybrid protocol tested here combines steps from both FAME and PLFA methods (Fig. 1) . First, soil lipids were extracted and concentrated in a two-phase aqueous organic extraction (as for PLFA), and then the organic-extracted material was saponified and processed as in the FAME procedure. In this way, physical and chemical soil 'background' is largely removed prior to FAME analysis (and wholesoil is not subjected to saponification). Figure 2 summarizes the distinctions among the three methods and protocol details tested here. We first tested the importance of successive hexane extractions of FAMEs from the acidic to organic solution, and also looked at the importance of a base wash (Fig. 2) . In addition, we investigated the value of concentrating the final product prior to GC analysis.
Specific tests-FAME versus hybrid methods
To do this, we took sets of replicate samples from our "standard soil" and explored the various steps in differing ways (Fig. 2) . For the hexane extraction, we repeated the extraction step 0, 1, or 2 times (a total of 1-3 extractions), analyzing each successive extraction separately in order to determine the number and type of fatty acids in each. To test the importance of the base wash step, half the samples were washed as in the Hybrid procedure, and half were left unwashed, as after the methylation step in the PLFA procedure. Finally, samples in our test of the importance of the concentration step were concentrated by evaporation under nitrogen gas, for comparison with other samples where no concentration step was performed.
Data analysis
We added 19:0 (nonadecanoic methyl ester) and 10:0 (decanoic methyl ester) as internal standards to all samples prior to GC analysis to convert fatty acid peak areas first to concentration, then to mole percent. In all analyses we used only fatty acids that were present at 0.5 mol percent or higher. We used ANOVA followed by Tukey's HSD test to compare the abundance of total and specific fatty acids extracted using each of the three methods, as well to assess the importance of the number of extractions, base wash and concentration steps. All statistical analyses were performed using JMP software (SAS Inc.). Figure preparations were accomplished using Sigma Plot (SYSTAT Software, Inc.).
Nomenclature
Polar lipids are designated by the number of carbons followed by the number of double bonds, the position of the double bond from the aliphatic end (ω) of the molecule and by the isomeric configuration of the double bond as either cis (c) or trans (t). For example, 18:1ω7c has 18 carbons with one double bond at 7 carbons from the methyl end of the molecule in the cis configuration. Terminal branching is indicated by 'i' (iso) or 'a' (anteiso) indicating the location of a methyl branch either one or two carbons in from the aliphatic end of the molecule (e.g. i16:0). Cyclopropyl fatty acids are given by 'cy' or 'cyclo' (e.g. 19:0 cyclo). 'Me' designates a methyl group on a given carbon inward from the hydroxyl end of the molecule (16:0 10Me has 16 carbons, no double bonds, and has a methyl group at 10 carbons from the hydroxyl end). The position of hydroxy (OH) groups is similarly noted.
3 Results and discussion 3.1 Comparing PLFA, FAME and Hybrid methods Our first goal with this study was to compare fatty acid yield and type across the three methods. We quantified overall yield, and the number of known and unknown fatty acids from the standard soil. 'Unknown' fatty acids are those identified as 'unknown' by MIDI-Sherlock software, or those fatty acids present in all samples with constant retention time and equivalent chain length ( ±0.01). We also looked at the relative abundance of specific lipids.
We found that the methods differed substantially in total amount of fatty acid extracted, as well as the number of known and unknown fatty acids (Fig. 3) . The FAME assay resulted in the highest total extracted, followed by hybrid, then PLFA. Similarly, FAME had the highest overall number of fatty acids, as well as the highest number of unknowns; PLFA had the fewest, and the hybrid was intermediate (Fig. 3) . Several research groups have compared results obtained using FAME and PLFA (Haack et al., 1994; Drijber et al., 2000; Pankhurst et al., 2001; Drenovsky et al., 2004) . Their results align with our findings here. The FAME and Hybrid protocols would be expected to have higher total fatty acids extracted and the largest numbers of fatty acids, because those procedures have fewer purification steps (which tend to reduce lipid yield), and because they include glycolipids and neutral lipids in addition to phospholipids. The higher number of 'unknown' lipids in the FAME, and to a lesser degree, the hybrid method, are likely to be fatty acid-like organic materials or other Fig. 3 Comparison of the three methods using principal components analysis on covariance matrix of known fatty acids present at >0.5 molar percent. Average percent coefficient of variation (cv) is given in parentheses.
impurities resulting again from the fewer purification steps and/or from the purification effect of the silica column chromatography.
A principal components analysis (PCA) likewise indicates a difference in methods (Fig. 4) . Factor analysis such as PCA is typically used to visualize differences among samples. In this case, it allows a rough comparison of the three methods and relative variability. The PLFA method has the highest average percent coefficient of variation (cv), followed by the FAME and Hybrid protocols (Fig. 4) . The high cv of PLFA may be the result of low lipid yields as discussed above. The high cv for FAME is likely due to the "noise" in extraction -the unknown compounds that co-extract. The Hybrid method proved to be the most internally consistent of the three protocols. A Shannon index of diversity likewise indicates the paucity of final extracted compounds in PLFA (index = 0.29), compared with FAME (index = 2.1). Once again, the Hybrid protocol was an intermediate, with an index of 1.0.
The PLFA method yields potentially 'cleaner' results, but it is also slower, with an extra extraction day for the lipid-class extraction step, and costly. Due to combined needs for additional reagents, stationary phase silica columns, and work hours, the totals in US dollars are $31 per sample for PLFA versus $20 per sample for FAME, assuming costs of high level personnel to operate the GC and cheaper labor for extractions. It is not feasible for most ecology laboratories to process the hundreds of samples in a typical ecosystem-scale study. Speed, cost, and discriminatory power may be balanced by removing the contaminating background organic matter from soils, while maintaining the speed and low cost of the FAME procedure. We believe that these points are the advantage of this hybrid protocol, extracting less soil organic material than FAME, while faster and cheaper than PLFA. This is consistent with the findings of Miura et al. (2017) . They compared the extraction of phospholipid fatty acids (PLFAs) to ester-linked fatty acids (EL-FAMEs) and likewise concluded that in a comparison across ecosystem types, the PLFA procedure produced a "cleaner" result, despite the greater ease of the EL-FAME. They did not test a hybrid method, as is that reported here.
Another difference among the methods was in their variability. We found that FAME yielded highly variable results, compared with PLFA (Table 2) . Individual fatty acid abundances generally had higher standard deviations (S.D.) using the FAME method (Table 2) , and this might lead to decreased ability to differentiate or manage different soils or draw inferences about different experimental treatments. In contrast, the PLFA method generally had very small S.D., yet resulted in only a fraction of the total fatty acid abundance. These results are not unexpected and others who have compared PLFA with FAME have reached similar conclusions (Drenovsky et al., 2004; Fernandes et al., 2013) .
We also assessed the differences among methods in terms of absolute soil concentrations of fatty acids versus relative abundance. Microbial fatty acid data can be reported as an absolute amount (nmol g soil -1 ), or they can be reported as a relative amount (mol % for a given fatty acid). These two ways of presenting the data portray very different aspects of microbial ecology: mol % indicates the relative abundance of a given fatty acid in a sample and implies relative abundance change for organisms that certain fatty acids are indicative of, thus in total representing community composition change. Absolute amounts indicate biomass and actual microbial abundance change. We found differences among the three methods were clearly dependent on whether the data were calculated as absolute or relative abundance ( Table  2 ). The FAME protocol consistently yielded higher absolute concentrations of fatty acids than PLFA, while the Hybrid method generally fell between the two. In contrast, relative abundance results were very different, and varied both individually and by lipid sub-group (Table 2) . For example, the relative abundance of fatty acids with branched or cyclopropyl structures was generally highest using PLFA, while the FAME and Hybrid methods tended to yield higher relative abundances of the unsaturated groups. An exception was 18:1ω7c (the precursor to lipid 19:0 cyclo), which was much higher by PLFA than Hybrid or FAME. These results could possibly be explained because of the acid chemistry of the hybrid and FAME methylation protocols compared with the alkaline chemistry of the PLFA methylation, where the differing chemistry changes the yields of different fatty acids (Zelles, 1999; Willers et al., 2015b) . Finally, specific biomarker lipids also varied in relative abundance. The eukaryotic lipid 18:3 w6,9,12c (thought to indicate plants and higher fungi (Vestal and White, 1989) was highest by FAME, followed by Hybrid, followed by PLFA.
Assessing the importance of steps in the Hybrid and FAME methods
The second goal in this study was to assess the importance of specific steps in the FAME and Hybrid methods (Fig. 2) . We asked whether certain steps are necessary when using the MIDI-FAME protocol on whole soil or soil extracts rather than microbial isolates. First, we assessed the importance of using multiple hexane extractions to more thoroughly remove lipids from the acidic to organic phase following methanolysis (step 2 of FAME, and step 4 of Hybrid, Fig. 1 ). Not unexpectedly, lipid abundance decreased from the first extraction to the third (Fig. 5A and 5B). Overall lipid abundance using the Hybrid method decreased substantially (by an order of magnitude) after the first extraction. In contrast, when using the FAME protocol there was still a substantial amount of lipids extracted after three extractions. The numbers of individual lipids followed the same trend of marked decrease after the first extraction for the Hybrid protocol, with the number decreasing more slowly using the FAME method ( Fig. 5C and 5D ). It appears that having at least three extraction steps is important for the FAME protocol, but for the Hybrid protocol, two extraction steps will suffice. Second, we tested the importance of the final basewashing and concentration steps shown in Fig. 1 . Base washing is designed to remove contaminant lipids from the final product, and is recommended by MIDI, Inc., whereas the final concentration step is performed in PLFA, but is not part of the standard MIDI-FAME protocol (Fig. 1) . We found that the base wash had little impact on the abundance and number of lipids extracted for both FAME and Hybrid methods, but the concentration step substantially increased the abundance and number of resulting lipids (Fig. 6) . Therefore, the base wash step may not be necessary, especially when considering that each step adds time and potential loss of yield, to the procedure. The concentration step is likely to be important depending on the sensitivity of a researcher's given GC detector.
Overall, compared to FAME, the modified Bligh and Dyer (1959) two-phase aqueous-organic extraction with its final concentration step appears to remove the extractable lipids from soil humic materials (improving precision and purity) and increase lipid yields (improving detection limits). The third Values in a given row followed by the same letter are not significantly different at P£ 0.05 by one-way ANOVA and Tukey's HSD test. "Sum in Feature" are peaks identified in the MIDI software such that two adjacent peaks could not be distinguished or fully separated from each other.
method tested here, a Hybrid which combines properties of the PLFA and FAME methods, decreases sample processing time with minimal reduction in discriminatory power.
Caveats
While the hybrid lipid extraction protocol described here can greatly increase the use of lipid analysis and microbial analysis in ecosystem scale studies, there are caveats that should be considered with its use. First, because the lipid classes (phospholipids, neutral lipids, and glycolipids) remain combined in the FAME and hybrid methods, there is potential loss of physiologic information -such as membrane production or fungal lipid storage, that is available when analyzing those classes separately (Vestal and White, 1989; Bååth, 2003) . On the other hand, a possible advantage of combining the lipid classes is that it may strengthen the power to detect the arbuscular mycorrhizal origin of the 16:1 ω5c phosphoand neutral-lipids (Ngosong et al., 2012) . Another consideration when using the Hybrid method is that while the number of unknown fatty acids (which could potentially be residual lipidlike soil molecules) were lower with the Hybrid than in the FAME protocol, the lower yield and lower number of unknowns in the PLFA method suggests that it provides more pure samples. If purity is a high priority, such as with 13 C PLFA analysis (Jin and Evans, 2010; Ruess and Chamberlain, 2010) , the traditional PLFA method may be preferable.
Conclusions
In this paper we test a protocol designed to optimize and increase the throughput of lipid analysis by combining the first extraction step and last concentration step of PLFA, with the MIDI-FAME protocol. By performing the two-phase initial extraction and isolating the organic phase prior to performing FAME, the "Hybrid" protocol represents a balance between Fig. 5 The abundance (panels A and B) and number (panels C and D) of fatty acids in each successive extraction. A, the amount of total fatty acids extracted; B, the amount of known fatty acids extracted; C, the total number of fatty acids extracted; D, the number of unknown fatty acids extracted. E1, E2, and E3 represent the number of times of the hexane extraction, extraction 1, extraction 2, and extraction 3, respectively. Error bars represent one standard error of the mean.
speed and precision in fatty acid analysis. This method doesn't exactly replicate some aspects PLFA, but it has much less 'noise' than the FAME procedure. We have used the method successfully on a wide range of soils from tropical, to grassland, wetland, forest, boreal, and agronomic, to address and equally large range of research questions (Bartelt-Ryser et al., 2005; Fraterrigo et al., 2006; Mentzer et al., 2006; KaoKniffin and Balser, 2007; Smithwick et al., 2005; Ushio et al., 2008; Jokela et al., 2009; Gutknecht et al., 2012; Fichtner et al., 2014) . This paper provides detail regarding the development of the method. Using this Hybrid method we are able to process significantly larger numbers of samples than in most traditional microbial ecology studies, with a lower standard deviation and coefficient of variation than with the FAME method. We conclude that this method represents a viable alternative to other lipid extraction protocols, or other microbial methods, when broad microbial data at a large scale is desired.
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